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Abstract
Background: The X chromosome has historically been one of the most thoroughly 
investigated chromosomes regarding intellectual disability (ID), whose etiology is 
attributed to many factors including copy number variations (CNVs). Duplications 
of the long arm of the X chromosome have been reported in patients with ID, short 
stature, facial anomalies, and in many cases hypoplastic genitalia and/or behavioral 
abnormalities.
Methods: Here, we report on a large Iranian family with X-linked ID caused by a 
duplication on the X chromosome identified by whole genome sequencing in combi-
nation with linkage analysis.
Results: Seven affected males in different branches of the family presented with 
ID, short stature, seizures, facial anomalies, behavioral abnormalities (aggressive-
ness, self-injury, anxiety, impaired social interactions, and shyness), speech impair-
ment, and micropenis. The duplication of the region Xq13.2q13.3, which is ~1.8 Mb 
in size, includes seven protein-coding OMIM genes. Three of these genes, namely 
SLC16A2, RLIM, and NEXMIF, if impaired, can lead to syndromes presenting with 
ID. Of note, this duplicated region was located within a linkage interval with a LOD 
score >3.
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1 |  INTRODUCTION
Intellectual disability (ID) is a commonly encountered prob-
lem with the long established role of the X chromosome in its 
etiology (Ropers & Hamel, 2005). The worldwide prevalence 
of this disorder is about 1% (Maulik, Mascarenhas, Mathers, 
Dua, & Saxena, 2011); however, ID is more frequent in soci-
eties with high consanguineous marriages. The proportion of 
X-linked ID (XLID) has been estimated to be 5%–10% in af-
fected male individuals (Lubs, Stevenson, & Schwartz, 2012). 
In addition to single gene defects, copy number variations 
(CNVs) are also a common contributor to XLID, but the ex-
tent to which they play a part is currently not fully determined. 
Based on approximate estimates, 10% of all ID causative CNVs 
are X-linked, 70% of which are assigned to duplications and 
the remainder to deletions (Froyen et al., 2007; Whibley et al., 
2010). Regarding this, copy number gains with varying sizes 
have been reported to cause XLID (Gécz, Shoubridge, & 
Corbett, 2009; Neri, Schwartz, Lubs, & Stevenson, 2018). A 
few of those gains serve as pathogenic duplication hotspots, 
comprising Xp11.22 (Xp11.22 microduplication syndrome; 
OMIM #300705), Xq21q22 (PLP1 locus; OMIM *300401, 
Pelizaeus–Merzbacher disease; OMIM #312080), Xq27 (SOX3 
locus; OMIM *313430, Mental retardation, X-linked, with iso-
lated growth hormone deficiency; OMIM #300123), and Xq28 
(MECP2 locus; OMIM *300005, Mental retardation, X-linked 
syndromic, Lubs type; OMIM #300260) (Gécz et al., 2009). 
Furthermore, there are other X-linked regions, reported from 
a single or few patients, which undergo duplications to a lesser 
extent (Froyen et al., 2007).
Here, we report a duplication on chromosome X in a fam-
ily with an established X-linked pattern of inheritance from a 
cohort of mostly consanguineous Iranian families.
2 |  MATERIALS AND METHODS
2.1 | Ethical compliance
A large family with XLID was referred to the Genetics 
Research Center (GRC), the University of Social Welfare 
and Rehabilitation Sciences (USWR), Tehran, Iran. After 
obtaining written informed consent, approved by the Ethics 
Committee of USWR, the family was enrolled in an ongoing 
research project aiming to clarify the genetic basis of heredi-
tary ID and patients underwent detailed clinical evaluation.
2.2 | Next generation sequencing
After chromosome analysis and Fragile X syndrome screen-
ing, X-exome sequencing and whole exome sequencing 
(WES) were performed for individual (V:1) as described be-
fore (Hu et al., 2016, 2019). For whole genome sequencing 
(WGS) the library was prepared from genomic DNA (gDNA) 
of individual (V:2) using the Lucigen NxSeq®AmpFREE 
Low DNA Library Kit, and was sequenced on an Illumina 
HiSeq X instrument. Quality controlled reads were processed 
by skewer (v0.2.2) (Jiang, Lei, Ding, & Zhu, 2014) to remove 
adapters and low-quality reads were aligned to the human 
genome build GRCh37 using bwa mem (v7.15) (Li, 2013). 
Mapped reads were further refined using GATK (v3.8) (Van 
der Auwera et al., 2013) and Picard program suites (v2.90) 
("Picard toolkit," 2019) to improve mapped reads near in-
dels (GATK indel realignment) and improve quality scores 
(GATK base recalibration), as well as to mark duplicate reads 
with the same paired start locations (Picard mark duplicates). 
Germline calls generated using GATK haplotype caller (Van 
der Auwera et al., 2013) for SNVs and indels were further 
processed with the addition of functional annotations using 
snpEff (v4.3) (Cingolani & Platts, 2012) and genomic anno-
tation using Gemini (v0.11.1a) (Paila, Chapman, Kirchner, & 
Quinlan, 2013). All non-silent variants were inspected manu-
ally for quality control using Integrative Genome Viewers 
(IGV) (Robinson et al., 2011), and were predicted for func-
tionality using CADD (Rentzsch, Witten, Cooper, Shendure, 
& Kircher, 2018) and fitness consequence scores (Gulko, 
Hubisz, Gronau, & Siepel, 2015). Copy number variations 
on chromosome X were analyzed with CNVkit (v0.9.3) 
(Talevich, Shain, Botton, & Bastian, 2016) using whole ge-
nome argument specification.
2.3 | Whole genome SNP genotyping and 
linkage analysis
Genomic DNA samples of 14 individuals (marked by aster-
isks in the pedigree) were genotyped by Affymetrix Axiom 
Conclusion: Our report indicates that CNVs should be considered in multi-affected 
families where no candidate gene defect has been identified in sequencing data 
analysis.
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Precision Medicine Research Array (PMRA). Multipoint 
parametric linkage analysis based on an X-linked recessive 
model was done by using the Merlin program (disease allele 
frequency of 10−3, complete penetrance) (Abecasis, Cherny, 
Cookson, & Cardon, 2002).
2.4 | Array comparative genomic 
hybridization (aCGH)
To confirm the results obtained by WGS, whole genome 
Oligo-array CGH was performed by using the SurePrint 
G3 ISCA v2 8x60K platform (Agilent Technologies, Santa 
Clara, CA, USA). Data were analyzed using the Agilent 
Cytogenomic software v4.
3 |  RESULTS
3.1 | Clinical data
The family originating from the Northern East part of Iran 
comprises seven affected males in two generations related 
through the maternal lineage (Figure 1a). The affected males 
presented with a similar phenotype (see Table S1, column 
B). The index patient (V:1) and his brother (V:2) were born 
at term after an unremarkable pregnancy and neonatal pe-
riod. Both had a normal development with a history of sei-
zures (starting at age 4  years), short temper, anxiety, and 
self-injurious behavior. They started to speak first single 
words at 12 months. Their vision and hearing was normal, 
and they could walk normally. At 15 and 24  years, height 
of V:1 was 165  cm (−0.5 SD) and of V:2 168  cm (−1.19 
SD); OFC of V:1 was 57 cm (+1.4 SD) and of V:2 59 cm 
(+2.0 SD). Their facial appearance showed a broad forehead, 
strabismus, low-set protruding ears as well as micrognathia, 
and both presented with micropenis. They had normal gait 
but developed difficulties with speech articulation and dys-
arthria after starting to form sentences at 24 months. IQ was 
not evaluated by standard testing, but cognitive ability ap-
peared to be moderately disabled, as they could understand 
instructions, count money, follow commands, and indicate 
their needs by themselves. They showed aggression, hyper-
activity, impaired social interactions, and shyness. Bladder 
and bowel control appeared to be normal. One female sibling 
(V:4) and the carrier mother (IV:2) had a normal phenotype.
3.2 | Genetic investigations
Individual (V:1) had a normal karyotype and a negative test 
for FMR1 repeat expansion (Fragile X syndrome; OMIM 
#300624). X-exome and whole exome sequencing did not 
provide evidence for a potentially disease-causing deletion or 
single nucleotide variant (SNV). Subsequent SNP genotyp-
ing followed by linkage analysis delineated a linkage interval 
on chromosome X (~18 Mb), located between heterozygous 
SNP markers rs241748 and rs2157410 (GRCh37/hg19), with 
a significant LOD score of 3.879 (Figure S1). WES data rea-
nalysis did not reveal a candidate gene defect located within 
the linkage interval, thus, WGS was performed. As a result, a 
duplication of ~1.8 Mb was detected: seq[GRCh37] dup(X)
(q13.2q13.3) chrX:g.72853142_74633399dup, which was lo-
cated within the linkage interval. Oligo-array CGH extended 
this result showing the following imbalance: arr[GRCh37] 
Xq13.2q13.3(72803969_72804028,72902578_746209
19x2,74631526_74631585) in individual (V:2) (Figure 1b) 
and excluded the duplication in the healthy sister (V:4).
4 |  DISCUSSION
We report a Fragile X-negative multi-affected family with 
an X-chromosome duplication in which the patients pre-
sented with ID, short stature, seizures, facial anomalies, be-
havioral abnormalities, speech impairment, and micropenis. 
Based on WGS and linkage analysis, individual (V:2) carried 
a duplication at Xq13.2q13.3. The duplicated region con-
tains approximately 40 genes (protein-coding, pseudogenes, 
and long noncoding/micro RNAs), comprising 11 OMIM 
genes, namely CHIC1 (OMIM *300922), TSIX (OMIM 
*300181), XIST (OMIM *314670), JPX (OMIM *300832), 
FTX (OMIM *300936), SLC16A2 (OMIM *300095), RLIM 
(OMIM *300379), NEXMIF (KIAA2022) (OMIM *300524), 
ABCB7 (OMIM *300135), UPRT (OMIM *300656), and 
ZDHHC15 (OMIM *300576) (Figure 2). Three of the du-
plicated genes, namely SLC16A2, RLIM, and NEXMIF have 
ID-associated OMIM phenotypes: Allan-Herndon-Dudley 
syndrome (AHDS; OMIM #300523), Tonne-Kalscheuer syn-
drome (TOKAS; OMIM #300978), and Mental retardation, 
X-linked 98 (MRX98; OMIM #300912), respectively. The 
genes CHIC1 and ZDHHC15 are located at the borders of the 
duplicated region. Loss of expression of the latter, which is 
involved in neuronal connectivity (Shah, Shimell, & Bamji, 
2019), was described in a female patient with severe ID and 
normal stature; however, another study reported disruption of 
this gene in a woman with normal cognition, thus, question-
ing its role in ID (Mansouri et al., 2005; Moysés-Oliveira 
et al., 2015).
CNVs, as well as single gene defects, are a common 
cause of ID. In contrast to autosomes, duplications on the 
X chromosome have been assigned to play a role equal to or 
more common than deletions in this disorder (Moey et al., 
2016). In this regard, several duplications have been re-
ported in different regions of chromosome X that contrib-
ute to XLID, such as Xq21q22 (Mimault et al., 1999), Xq27 
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(Arya et al., 2019), Xq28 (Sanlaville, Schluth-Bolard, & 
Turleau, 2009), Xp11.22 (Froyen et al., 2008), and Xp22.12 
(Tejada et al., 2011). There are also duplications encom-
passing Xp22.3 region (Esplin et al., 2014; Lintas et al., 
2015; Pavone, Corsello, Marino, Ruggieri, & Falsaperla, 
2018). Concerning the latter, cognitive impairment, be-
havioral abnormalities, and seizures have been reported in 
many patients with Xp22.31 duplication; however, the clin-
ical significance of this duplication is controversial (Furrow 
et al., 2011). Although there is a considerable amount of 
literature on chromosome X CNVs, duplications, since first 
reported in the 1980s, are not frequent, particularly those 
in the proximal long arm (Sanlaville et al., 2009). Some 
reports have been published on proximal Xq duplications 
with varying sizes in male patients, the majority of which 
included the minimum region Xq13.3q21.1 encompassing 
the ID-related ATRX gene (OMIM *300032) (for details, 
see Table S1 and references therein). The shared clinical 
features in 11 patients out of 25 included ID, short stature, 
and genital abnormalities. Furthermore, autism and/or be-
havioral disturbances have been reported in 14 patients, 12 
of which also showed speech impairment (including those 
with Xq12q13.3 duplications, see Table S1). The over-
lapping region in most previous reports encompassed the 
cytogenetic duplication breakpoints of the Iranian family, 
i.e., Xq13.2q13.3 (Figure 2). There are some overlapping 
major clinical features between the affected individuals of 
this family and TOKAS, which is caused by RLIM loss-
of-function mutations, including ID, short stature, facial 
anomalies, behavioral abnormalities, and speech impair-
ment (Frints et al., 2019; Tønne et al., 2015). Dosage 
sensitivity evaluation of the genes in this region has not 
shown any triplosensitivity for XIST, SLC16A2, NEXMIF, 
and ZDHHC15, although the remaining genes await review 
(https://www.ncbi.nlm.nih.gov/proje cts/dbvar/ clingen). 
However, a whole NEXMIF duplication, leading to reduced 
F I G U R E  1  (a) Pedigree of the family (asterisks represent genotyped individuals). (b) The aCGH result for individual (V:2) confirming the 
Xq13.2q13.3 duplication.
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expression, has been reported in a family with XLID and 
autism (Charzewska et al., 2015). Moreover, duplications 
comprising some OMIM genes in this region in patients 
with developmental delay have been reported to ClinVar 
(e.g., VCV000058643) and DECIPHER (e.g., 345223) 
databases.
In conclusion, we report on an Xq duplication in a large 
family with XLID and additional features. More investiga-
tions are needed to determine which gene(s) within the du-
plicated region contributed to the phenotype of the affected 
individuals and provide a wider perspective on the underlying 
genetic defect. Our report clearly shows that CNVs should be 
considered for all families with several affected individuals 
and no promising single gene variants in WES data re/analy-
sis, even in consanguineous societies. It should also be noted 
that SNP genotyping followed by linkage analysis is still a 
powerful tool to narrow down the region of interest in WGS 
data analysis.
ACKNOWLEDGMENTS
We are grateful to the family for their contribution. This 
study was supported by the National Institute for Medical 
Research Development (NIMAD) with grant no. 982338 to 
HN and grant no. 957060 to KK, the Iran National Science 
Foundation (INSF) with grant no. 950022 to HN, and the 
University of Social Welfare and Rehabilitation Sciences 
(USWR) with grant no. 94/801/T/29490 to HN.
CONFLICT OF INTEREST
Authors declare no conflict of interest.
AUTHORS’ CONTRIBUTION
SM: drafting the manuscript, FL: providing linkage analysis, 
HH: running WES data, ZF: analysis of WES data, MB: in-
terpretation of CNV analysis, SSA: segregation study, SA: 
providing samples and obtaining the informed consent form, 
HHR: providing WES data, VMK: providing X-exome se-
quencing data, DA: running WGS data, KK: clinical exami-
nation and genotype-phenotype correlation, YR: analysis of 
WGS data, HN: study design, providing financial support for 
the project, supervision.
DATA AVAILABILITY STATEMENT
The data that support the findings of this study are openly 
available in [ClinVar] at [https://submit.ncbi.nlm.nih.gov/
clinv ar/], Submission ID [SUB7093314].
ORCID
Farzaneh Larti   https://orcid.org/0000-0002-0447-2625 
Seyedeh Sedigheh Abedini   https://orcid.
org/0000-0003-2671-2295 
Vera M. Kalscheuer   https://orcid.
org/0000-0001-6898-3259 
Daniel Auld   https://orcid.org/0000-0002-9486-1105 
Kimia Kahrizi   https://orcid.org/0000-0002-6587-7706 
Hossein Najmabadi   https://orcid.
org/0000-0002-6084-7778 
REFERENCES
Abecasis, G. R., Cherny, S. S., Cookson, W. O., & Cardon, L. R. (2002). 
Merlin—Rapid analysis of dense genetic maps using sparse gene 
F I G U R E  2  Schematic view of chromosome X with overlapping proximal Xq duplications. Expanded view shows duplicated genes† in the 
overlapping region (from UCSC Genome Browser http://genome.ucsc.edu/). †NC_000023.10 Reference GRCh37.p13 Primary Assembly.
6 of 7 |   MEHVARI Et Al.
flow trees. Nature Genetics, 30(1), 97–101. https://doi.org/10.1038/
ng786
Arya, V. B., Chawla, G., Nambisan, A. K., Muhi-Iddin, N., Vamvakiti, 
E., Ajzensztejn, M., … Bint, S. (2019). Duplication encompassing 
SOX3: Variable phenotype and smallest duplication associated with 
hypopituitarism to date–A large case series of unrelated patients and 
a literature review. Hormone Research in Paediatrics, 92(6), 382–
389. https://doi.org/10.1159/00050 3784
Charzewska, A., Rzońca, S., Janeczko, M., Nawara, M., Smyk, M., Bal, 
J., & Hoffman-Zacharska, D. (2015). A duplication of the whole 
KIAA2022 gene validates the gene role in the pathogenesis of in-
tellectual disability and autism. Clinical Genetics, 88(3), 297–299. 
https://doi.org/10.1111/cge.12528
Cingolani, P., Platts, A., Wang, L. L., Coon, M., Nguyen, T., Wang, L., 
… Ruden, D. M. (2012). A program for annotating and predicting 
the effects of single nucleotide polymorphisms, SnpEff: SNPs in the 
genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 
(Austin), 6, 80–92. https://doi.org/10.4161/fly.19695
Esplin, E. D., Li, B., Slavotinek, A., Novelli, A., Battaglia, A., Clark, 
R., … Hudgins, L. (2014). Nine patients with Xp22. 31 microdupli-
cation, cognitive deficits, seizures, and talipes anomalies. American 
Journal of Medical Genetics Part A, 164(8), 2097–2103. https://doi.
org/10.1002/ajmg.a.36598
Frints, S. G., Ozanturk, A., Criado, G. R., Grasshoff, U., de Hoon, B., 
Field, M., … Gripp, K. W. (2019). Pathogenic variants in E3 ubiq-
uitin ligase RLIM/RNF12 lead to a syndromic X-linked intellectual 
disability and behavior disorder. Molecular Psychiatry, 24(11), 
1748–1768. https://doi.org/10.1038/s4138 0-018-0065-x
Froyen, G., Corbett, M., Vandewalle, J., Jarvela, I., Lawrence, O., 
Meldrum, C., … Van Esch, H. (2008). Submicroscopic duplica-
tions of the hydroxysteroid dehydrogenase HSD17B10 and the E3 
ubiquitin ligase HUWE1 are associated with mental retardation. The 
American Journal of Human Genetics, 82(2), 432–443. https://doi.
org/10.1016/j.ajhg.2007.11.002
Froyen, G., Van Esch, H., Bauters, M., Hollanders, K., Frints, S. G., 
Vermeesch, J. R., … Marynen, P. (2007). Detection of genomic 
copy number changes in patients with idiopathic mental retarda-
tion by high-resolution X-array-CGH: Important role for increased 
gene dosage of XLMR genes. Human Mutation, 28(10), 1034–1042. 
https://doi.org/10.1002/humu.20564
Furrow, A., Theisen, A., Velsher, L., Bawle, E. V., Sastry, S., 
Mendelsohn, N. J., … Chitayat, D. (2011). Duplication of the 
STS region in males is a benign copy-number variant. American 
Journal of Medical Genetics Part A, 155(8), 1972–1975. https://doi.
org/10.1002/ajmg.a.33985
Gécz, J., Shoubridge, C., & Corbett, M. (2009). The genetic land-
scape of intellectual disability arising from chromosome X. 
Trends in Genetics, 25(7), 308–316. https://doi.org/10.1016/j.
tig.2009.05.002
Gulko, B., Hubisz, M. J., Gronau, I., & Siepel, A. (2015). A method for 
calculating probabilities of fitness consequences for point mutations 
across the human genome. Nature Genetics, 47(3), 276. https://doi.
org/10.1038/ng.3196
Hu, H., Haas, S., Chelly, J., Van Esch, H., Raynaud, M., De Brouwer, A., 
… Laumonnier, F. (2016). X-exome sequencing of 405 unresolved 
families identifies seven novel intellectual disability genes. Molecular 
Psychiatry, 21(1), 133–148. https://doi.org/10.1038/mp.2014.193
Hu, H., Kahrizi, K., Musante, L., Fattahi, Z., Herwig, R., Hosseini, 
M., … Larti, F. (2019). Genetics of intellectual disability in 
consanguineous families. Molecular Psychiatry, 24(7), 1027. 
https://doi.org/10.1038/s4138 0-017-0012-2
Jiang, H., Lei, R., Ding, S.-W., & Zhu, S. (2014). Skewer: A fast 
and accurate adapter trimmer for next-generation sequencing 
paired-end reads. BMC Bioinformatics, 15(1), 182. https://doi.
org/10.1186/1471-2105-15-182
Li, H. (2013). Aligning sequence reads, clone sequences and assem-
bly contigs with BWA-MEM. arXiv Preprint arXiv:1303.3997. 
Retrieved from https://arxiv.org/abs/1303.3997v2
Lintas, C., Picinelli, C., Piras, I. S., Sacco, R., Gabriele, S., Verdecchia, 
M., & Persico, A. M. (2015). Xp22. 33p22. 12 duplication in a patient 
with intellectual disability and dysmorphic facial features. Molecular 
Syndromology, 6(5), 236–241. https://doi.org/10.1159/00044 3232
Lubs, H. A., Stevenson, R. E., & Schwartz, C. E. (2012). Fragile X 
and X-linked intellectual disability: Four decades of discovery. The 
American Journal of Human Genetics, 90(4), 579–590. https://doi.
org/10.1016/j.ajhg.2012.02.018
Mansouri, M. R., Marklund, L., Gustavsson, P., Davey, E., Carlsson, B., 
Larsson, C., … Dahl, N. (2005). Loss of ZDHHC15 expression in 
a woman with a balanced translocation t (X; 15)(q13. 3; cen) and 
severe mental retardation. European Journal of Human Genetics, 
13(8), 970. https://doi.org/10.1038/sj.ejhg.5201445
Maulik, P. K., Mascarenhas, M. N., Mathers, C. D., Dua, T., & Saxena, 
S. (2011). Prevalence of intellectual disability: A meta-analysis of 
population-based studies. Research in Developmental Disabilities, 
32(2), 419–436. https://doi.org/10.1016/j.ridd.2010.12.018
Mimault, C., Giraud, G., Courtois, V., Cailloux, F., Boire, J. Y., 
Dastugue, B., & Boespflug-Tanguy, O. (1999). Proteolipoprotein 
gene analysis in 82 patients with sporadic Pelizaeus-Merzbacher 
disease: Duplications, the major cause of the disease, originate 
more frequently in male germ cells, but point mutations do not. The 
American Journal of Human Genetics, 65(2), 360–369. https://doi.
org/10.1086/302483
Moey, C., Hinze, S. J., Brueton, L., Morton, J., McMullan, D. J., 
Kamien, B., … Gecz, J. (2016). Xp11. 2 microduplications includ-
ing IQSEC2, TSPYL2 and KDM5C genes in patients with neuro-
developmental disorders. European Journal of Human Genetics, 
24(3), 373. https://doi.org/10.1038/ejhg.2015.123
Moysés-Oliveira, M., Guilherme, R. S., Meloni, V. A., Di Battista, 
A., de Mello, C. B., Bragagnolo, S., … Carvalheira, G. M. (2015). 
X-linked intellectual disability related genes disrupted by balanced 
X-autosome translocations. American Journal of Medical Genetics 
Part B: Neuropsychiatric Genetics, 168(8), 669–677. https://doi.
org/10.1002/ajmg.b.32355
Neri, G., Schwartz, C. E., Lubs, H. A., & Stevenson, R. E. (2018). 
X-linked intellectual disability update 2017. American Journal 
of Medical Genetics Part A, 176(6), 1375–1388. https://doi.
org/10.1002/ajmg.a.38710
Paila, U., Chapman, B. A., Kirchner, R., & Quinlan, A. R. (2013). 
GEMINI: Integrative exploration of genetic variation and genome 
annotations. PLoS Computational Biology, 9(7), e1003153. https://
doi.org/10.1371/journ al.pcbi.1003153
Pavone, P., Corsello, G., Marino, S., Ruggieri, M., & Falsaperla, R. 
(2018). Microcephaly/trigonocephaly, intellectual disability, autism 
spectrum disorder, and atypical dysmorphic features in a boy with 
Xp22. 31 duplication. Molecular Syndromology, 9(5), 253–258. 
https://doi.org/10.1159/00049 3174
Picard toolkit. (2019). Broad Institute, GitHub repository. Retrieved 
from http://broad insti tute.github.io/picar d/
   | 7 of 7MEHVARI Et Al.
Rentzsch, P., Witten, D., Cooper, G. M., Shendure, J., & Kircher, M. 
(2018). CADD: Predicting the deleteriousness of variants throughout 
the human genome. Nucleic Acids Research, 47(D1), D886–D894. 
https://doi.org/10.1093/nar/gky1016
Robinson, J. T., Thorvaldsdóttir, H., Winckler, W., Guttman, M., 
Lander, E. S., Getz, G., & Mesirov, J. P. (2011). Integrative ge-
nomics viewer. Nature Biotechnology, 29(1), 24–26. https://doi.
org/10.1038/nbt.1754
Ropers, H.-H., & Hamel, B. C. (2005). X-linked mental retardation. 
Nature Reviews Genetics, 6(1), 46. https://doi.org/10.1038/nrg1501
Sanlaville, D., Schluth-Bolard, C., & Turleau, C. (2009). Distal Xq 
duplication and functional Xq disomy. Orphanet Journal of Rare 
Diseases, 4(1), 4. https://doi.org/10.1186/1750-1172-4-4
Shah, B. S., Shimell, J. J., & Bamji, S. X. (2019). Regulation of den-
drite morphology and excitatory synapse formation by zDHHC15. 
Journal of Cell Science, 132(13), jcs230052. https://doi.org/10.1242/
jcs.230052
Talevich, E., Shain, A. H., Botton, T., & Bastian, B. C. (2016). CNVkit: 
Genome-wide copy number detection and visualization from tar-
geted DNA sequencing. PLoS Computational Biology, 12(4), 
e1004873. https://doi.org/10.1371/journ al.pcbi.1004873
Tejada, M.-I., Martínez-Bouzas, C., García-Ribes, A., Larrucea, S., 
Acquadro, F., Cigudosa, J.-C., … López-Aríztegui, M.-A. (2011). 
A child with mild X-linked intellectual disability and a microdu-
plication at Xp22. 12 including RPS6KA3. Pediatrics, 128(4), 
e1029–e1033. https://doi.org/10.1542/peds.2010-0388
Tønne, E., Holdhus, R., Stansberg, C., Stray-Pedersen, A., Petersen, 
K., Brunner, H. G., … Steen, V. M. (2015). Syndromic X-linked 
intellectual disability segregating with a missense variant in RLIM. 
European Journal of Human Genetics, 23(12), 1652–1656. https://
doi.org/10.1038/ejhg.2015.30
Van der Auwera, G. A., Carneiro, M. O., Hartl, C., Poplin, R., Del Angel, 
G., Levy-Moonshine, A., … Thibault, J. (2013). From FastQ data 
to high-confidence variant calls: The genome analysis toolkit best 
practices pipeline. Current Protocols in Bioinformatics, 43(1), 11.10. 
11–11.10. 33. https://doi.org/10.1002/04712 50953.bi111 0s43
Whibley, A. C., Plagnol, V., Tarpey, P. S., Abidi, F., Fullston, T., Choma, 
M. K., … Parkin, G. (2010). Fine-scale survey of X chromosome 
copy number variants and indels underlying intellectual disability. 
The American Journal of Human Genetics, 87(2), 173–188. https://
doi.org/10.1016/j.ajhg.2010.06.017
SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.
How to cite this article: Mehvari S, Larti F, Hu H,  
et al. Whole genome sequencing identifies a 
duplicated region encompassing Xq13.2q13.3 in a 
large Iranian family with intellectual disability. Mol 
Genet Genomic Med. 2020;00:e1418. https://doi.
org/10.1002/mgg3.1418
